HORACE
W. DAVENPORT activity found was strictly proportional to the amount of active enzyme in the reaction mixture.
The sum of thiocyanate and chloride in serum and gastric juice was determined by the potentiometric method of Hastings and van Dyke (1931) . Thiocyanate was determined by the calorimetric method of Lavietes et al. (1936) , and chloride was found by difference. Free acid in the gastric juice was determined by titration with alkali to the end point of methyl yellow and total acid by titration to the end point of phenolphthalein.
The carbonic anhydrase solutions used were "crude chloroform" extracts prepared according to the method of Meldrum and Roughton. They were made from human and dog red blood cells and from human and dog gastric mucosa. The dog gastric mucosa was perfused free of blood before extraction.
This could not be done with human mucosa, and the human gastric enzyme solution used was a mixture of enzymes derived from the mucosa and its included blood. There was no evidence that the enzymes from the two sources were different.
l'he inhibition of carbonic anhydrase. Thiocyanate inhibits the ability of carbonic anhydrase to catalyse the hydration and dehydration of carbon dioxide. The mechanism of the inhibition can be expressed by the equation 
[C.A. active] can be found from the catalysis shown by the reaction mixture. [C.A.-SCN inactive] is equal to the difference between the total concentration of carbonic anhydrase added to the reaction mixture and the concentration of active carbonic anhydrase found. The thiocyanate bound to the inactive carbonic anhydrase is negligible in comparison with the unbound thiocyanate, so [SCN-] is equal to the total concentration of thiocyanate added to the reaction mixture. The validity of equation (2) was tested by experiments in which the total amount of carbonic anhydrase was kept constant and the concentration of thiocyanate was varied. Two milliliters of M/5 phosphate buffer were added to one side of the reaction vessel of the Meldrum and Roughton apparatus, and 2 ml. of M/5 NaHC03 in M/100 NaOH were added to the other side. Carbonic anhydrase was added to the buffer.
Sodium thiocyanate of appropriate concentration was added to either side so that the final concentration in the total volume of 4.25 ml. was that desired. It does not matter to which side the thiocyanate is added. After thermal equilibrium had been reached the solutions were mixed and shaken violently.
The rate of evolution of carbon dioxide was measured, and from the rate the concentration of active enzyme was calculated.
It can be seen in equation (2) that the ratio of inactive to active carbonic anhydrase should be directly proportional to the concentration of thio- cyanate. The results of a series of observations on dog red blood cell enzyme are shown in figure 1 where the ratio of inactive to active enzyme is plotted against [SCN-1. The observed points fall on a good straight line which passes through the origin. Similar observations were made on human red blood cell, dog gastric and human gastric enzymes. Observations were also made on reaction mixtures in which the thiocyanate concentration was constant and the total amount of enzyme was varied. According to equation (2) the concentration of inactive enzyme should be directly proportional to the concentration of active enzyme. The results of a series of observations are shown in figure 2 in which the concentration of active enzyme found is plotted against the difference between the total concentration added and the concentration found. It can be seen that the points fall on a good straight line through the origin.
The constant K can be calculated from results obtained in this manner. The constant was determined at OOC. and at 10°C. By varying the composition of the buffer the pH of the reaction mixture was varied.
The constant was determined at pH 5.4, 6.8 and 7.1. In table 1 the values of K for enzyme from four sources are listed. There are no significant differences between the values for enzyme from different sources at the same temperature and pH. The values significantly increase with increasing temperature and pH.
With the apparatus used it was not possible to obtain values of K at temperatures higher than 10°C. By means of the Arrhenius equationthe values for dog gastric enzyme at pH 6.8 was extrapolated to 38"C., and at that temperature it has a value of about 3.5 X 10e3. It is admitted that extrapolation over such a great temperature interval is inexact, but the method was the only one available for obtaining an estimate of the constant at the physiological temperature. The equilibrium expressed in equation (1) is reached from either side within five seconds. There is no change in the position of the equilibrium over several hours. When the equilibrium is shifted to the right by addition of thiocyanate the equilibrium can again be shifted to the left by dialysis which reduces the thiocyanate concentration.
Ferric ions form a very slightly dissociated compound with thiocyanate, and the equilibrum can also be shifted to the left by addition of small amounts of ferric nitrate to the reaction mixture. Keilin and Mann (1939) have recently shown that carbonic anhydrase is probably a compound of zinc. If this is true it might have been predicted that thiocyanate would inhibit the enzyme, for zinc forms undissociated compounds with thiocyanate.
One might expect that two mols of thiocyanate would combine with one mol of enzyme. However the constant in the mass action equation when calculated on the assumption of two mols of thiocyanate for one of enzyme shows a systematic variation, becoming larger as the thiocyanate concentration increases. The explanation for the fact that only 1 mol of thiocyanate is necessary for inhibition of a mol of enzyme might be that for each mol of enzyme there is only one valence of zinc available for compound formation.
An alternative explanation might be that although each mol of enzyme contains one mol of divalent zinc the addition of only one mol of thiocyanate is enough completely to inhibit the enzyme. It is not possible to decide between these possibilities at present.
The inhibition of gastric secretion by thiocyanate. The effect of administration of sodium thiocyanate upon gastric secretion was studied. Dogs 1 and 2 were provided with Pavlov pouches from which water-clear gastric juice could be obtained after histamine administration.
The gastric contents of dog 3 were sampled by stomach tube. Sodium thiocyanate in small doses was mixed with the animals' food. At least 16 hours after feeding the dogs were given subcutaneous injections of histamine. The Pavlov pouches were emptied of residual juice, and the fresh juice was removed as secreted. Blood was obtained by venepuncture.
The gastric juice and the serum were analysed for chloride and thiocyanate.
The free acid and the total acid of the gastric juice were determined.
It was observed that thiocyanate greatly reduces the rate of secretion of gastric juice. The necessary 6 ml. sample could normally be obtained from the pouches in 20 minutes, but when the dogs were given thiocyanate the sample could rarely be obtained in less than 1 hour. It was observed that the reddening of the exposed mucosa in response to histamine was normal when thiocyanate was present in the blood, so the effect of reduction of the flow of secretion was probably not caused by a reduction of blood flow through the mucosa.
The results are presented in table 2. They are arranged in order of ascending concentration of thiocyanate in the gastric juice. It can be seen that as the thiocyanate increases the concentration of free acid, of total acid and of chloride very markedly decreases. Obviously not only the absolute rate of flow of the acid secretion is reduced, but the rate of flow relative to the secretion of water by the mucosa is reduced. This is shown by the fact that the chloride and the free acid are directly proportional to each other. For dog 1 the correlation coefficient calculated for the relation of chloride to free acid is +0.94, and for dog 2 it is +O.SS. These correlation coefficients are so high that it can be concluded without doubt that the secretion of hydrogen ions and the secretion of chloride ions are equally inhibited by thiocyanate.
The results from dog 3 whose gastric contents were sampled by means The degree of inhibition is a function only of the concentration of thiocyanate at the time, and it is independent of the animal's history. DISCUSSION. In explaining the inhibition of acid secretion by thiocyanate the fundamental assumption is made that the rate of acid secretion is directly proportional to the rate at which carbonic acid is produced in the cells of the secretory mechanism.
The rate of production of carbonic acid is in turn dependent upon the rate at which carbon dioxide is produced in the cells and upon the concentration of carbonic anhydrase, the enzyme which catalyses the hydration of carbon dioxide to carbonic acid. It must also be assumed that the rate of production of carbon dioxide under the stimulus of histamine is a certain maximal rate and that it remains maximal during thiocyanate inhibition. It is a well known fact that as the rate of gastric secretion is reduced the acidity of the secretion is likewise reduced.
The most satisfactory explanation of this fact is that provided by Hollander (1934a, b) . He believes that the secretion of the acid-producing mechanism is always pure hydrochloric acid of a concentration such that it is isotonic with the blood. This acid secretion is mixed with the secretions of other cells to form the secretion which is collected at the surface of the mucosa. When the acid secretion is inhibited a smaller amount of pure acid is secreted relative to the secretions of the other cells. The acid is consequently diluted, and the hydrogen ion concentration of the gastric juice is lowered. In this work it has been shown that the rate of secretion and the hydrogen ion concentration of the juice fall off together as the thiocyanate concentration increases.
Therefore the hydrogen ion concentration of the gastric juice can be taken as a measure of the rate of secretion of acid.
The concentration of hydrogen ions in the gastric juice as it is secreted can be expressed by the equation
where K, is a constant, [C.A.] is the concentration of carbonic anhydrase, both active and inactive, present in the mechanism and a! is the fraction equal to the inactive carbonic anhydrase divided by the total concentration. K, is given an arbitrary value such that when a! is equal to zero and both sides of the equation are multiplied by 100 and divided by the hydrogen ion concentration in the gastric juice as secreted by the uninhibited mechanism the term K&A.] becomes equal to unity. The equation then is
where Per cent H is the hydrogen ion concentration of the juice expressed as per cent of the normal uninhibited concentration. If the carbonic anhydrase in the cells is inhibited in exactly the same way as it is inhibited in vitro equation (4) can be written
By combining equation (5) and equation (2) and algebraic rearrangements the equation
performing ordinary (6) is obtained. K is the dissociation constant at 38OC. and at the pH of the cells, and [SCN-] is the concentration of thiocyanate in the cells. Dawson and Ivy (1926) have shown that the pH of the parietal cells is at the most 6.8. The best value of K is that obtained by extrapolation from the values at pH 6.8, and it is equal to 3.5 X 10M3. There is considerable uncertainty as to the correctness of this value, but it is the best at present available. The form of equation (6) is such that a variation of as much as 20 per cent in the value of K brings about a maximum variation of only 9 per cent in the calculated value of per cent H at the most extreme value of [SCN-] used.
[SCN-] is obtained in the following manner. Normally the acid secretion is isotonic with the serum, and there is no reason to doubt that under thiocyanate inhibition it is still isotonic. It has been argued above that t,he diminution of the hydrogen ion concentration is a measure of the dilution of the isotonic acid by other secretions. Since the hydrogen ion and the chloride ion concentrations are exactly correlated, the chloride concentration likewise provides such a measure. When thiocyanate is present in the mechanism and is secreted the sum of the concentrations of the two anions, thiocyanate and chloride, must be equal to the concentration of chloride normally secreted. The degree of dilution can then be expressed as a fraction equal to the sum of the concentrations of thiocyanate and chloride in the juice secreted under thiocyanate inhibition divided by the concentration of chloride in the uninhibited secretion. Now if the concentration of thiocyanate found in the gastric juice be The values of [SCN-] used in equation (6) were calculated in this manner from the data in table 2.
The hydrogen ion concentration in the gastric juice of dogs 1 and 2 expressed as per cent of the normal is plotted in figure 3 against the thiocyanate concentration in the secreting mechanism. The solid line is the theoretical curve calculated according to equation (6), and the points are the observed values.
The points, while not widely divergent from the theoretical curve, obviously fit a straight line better than the curve.
The dotted line is the best straight line which fits the data. Its equation is Per cent H = 101 -22OOO[SCN-1.
It can be seen that over at least two-thirds of its length there is no significant difference between the theoretical curve and the observed relation between the variables.
The departure from the theoretical line at small concentrations of thiocyanate is probably caused by the fact that when carbonic anhydrase is only slightly inhibited the rate of hydration of carbon dioxide is not the limiting one in the chain of reactions forming the secretory process.
No explanation can be offered for the departure at high concentrations of thiocyanate. The general agreement between the predicted and the observed relations between the variables lends considerable support to the argument and assumptions on which the theoretical curve is based. It can be concluded that, as a first approximation, the facts support the assumption that the rate of secretion of acid is directly proportional to the rate of formation of carbonic acid in the cells of the secretory mechanism.
It should be pointed out that the fact that administration of thiocyanate reduces the acidity of the gastric juice offers a method for testing the current ideas concerning the role of gastric acid secretion in various gastric disturbances.
Thiocyanate administration carefully controlled in regard to its effect on the nervous and vascular systems should produce profound and prolonged inhibition of human gastric acid secretion.
I am indebted to Drs. E. S. Nasset, W. B. Hawkins and S. C. Madden for preparing the Pavlov pouches.
SUMMARY
Thiocyanate inhibits the ability of carbonic anhydrase to catalyse the hydration and dehydration of carbon dioxide. The inhibition apparently depends upon the formation of an inactive, dissociable compound between one mol of thiocyanate and one mol of enzyme.
Thiocyanate reversibly inhibits the secretion of acid by the gastric mucosa of dogs. The inhibition of secretion is best explained by the assumption that thiocyanate inhibits the carbonic anhydrasc which is a part of the secretory mechanism.
The rate of secretion of acid by the gastric mucosa is directly proportional to the rate of formation of carbonic acid in the secretory mechanism.
